The susceptibility of fuel cladding to failure in the case of a postulated reactivity-initiated accident may be determined by crack initiation within a hydride blister or rim and subsequent crack growth through the thickness of the cladding. This study has determined the fracture toughness of hydrided coldworked stress relieved Zircaloy-4 sheet subject to through-thickness crack growth at both 25 and 300°C. The experimental approach utilizes a novel procedure in which a narrow linear strip of brittle hydride blister across the specimen width creates a well-defined precrack upon initial loading. The subsequent crack growth resistance is then characterized by four-point bending of the specimen and an elastic-plastic fracture mechanics analysis. At room temperature, the through-thickness fracture toughness ͑K q ͒ is sensitive to the orientation of the hydride platelets and K q Х25 MPaͱm for crack growth through a mixed in-plane/outof-plane hydride field. In contrast, K q is much higher ͑Х75 MPaͱm͒ when the hydride platelets are oriented predominantly in the plane of the sheet and therefore normal to both the crack plane and the crack growth direction. At 300°C, the material exhibits greater ductility as the hydride particles within the matrix resist fracture such that K q Х83 MPaͱm, despite the much lower flow stress of the material.
Introduction
During reactor exposure, the ductility of thin-wall zirconium components such as fuel cladding can be degraded by hydrogen ingress associated with waterside corrosion. The resulting uptake of hydrogen has long been identified as a main contributor to limiting the fracture resistance of cladding even at high burnup levels ͓1,2͔. In particular, the cladding ductility is known to be sensitive not only to its total hydrogen content but also to the hydride distribution and orientation ͑i.e., solid hydride blister, sunburst, radial, or circumferential hydride particles͒. For thin-wall components such as cladding, the most severe form of hydrogen-induced loss of ductility occurs when a surface crack initiates within a hydride rim or blister and subsequently propagates in a through-thickness crack-growth mode ͓3-6͔. In order to predict the cladding performance/ductility under such a "worst-case" condition under quasi-static loading, it is essential to know the following: ͑a͒ the initial crack depth, ͑b͒ the relevant hydride microstructure through which the crack grows ͑i.e., radial versus circumferential hydrides͒, ͑c͒ the appropriate temperature ͑or range of temperatures͒, ͑d͒ the stress state under which deformation occurs, and importantly ͑e͒ the fracture toughness under through-thickness crack growth conditions for the appropriate temperature and hydride microstructure.
The fracture toughness for through-thickness crack growth of a thin-wall Zircaloy cladding in the hydrided condition is yet to be determined. In fact, we are aware of no such determination in any thin sheet metal. It is important to recognize that crack growth through the cladding wall thickness occurs under both stress-state and hydride microstructure conditions that are distinctly different from other fracture toughness specimen geometries. For example, when the fracture toughness of hydrided zirconium alloys is determined for the case of Mode I crack growth of plate material ͓7-12͔, plane-strain is typically imposed along much of the crack front, resulting in a locally high degree of stress triaxiality within the crack-tip plastic zone. Alternatively, while fracture toughness has been determined for hydrided Zircaloy cladding tubes, crack growth was along the tube axis under a plane stress condition at the crack tip in mixed Mode I/III crack propagation ͓13͔. In contrast, crack growth through the thickness of a cladding tube will very likely occur under a plane-strain condition along the crack front and probably accompanied by a small degree of plastic constraint through the wall thickness; either Mode I or mixed Mode I/II crack growth are likely. The accompanying crack-tip plasticity and damage accumulation process that dictate crack growth will likely differ from those in conventional fracture toughness tests, giving rise to unique fracture toughness values.
In addition, many researchers ͓8,9,12͔ have recognized that fracture toughness is sensitive to the morphology and orientation of the hydride platelets with respect to both the crack plane and crack growth direction. Thus, the fracture toughness under a through-thickness crack growth condition in textured and hydrided zirconium alloy also creates a crack plane/crack growth direction condition which differs from those of previous fracture toughness studies. For example, hydride platelets aligned in the plane of sheet material ͑akin to circumferential hydrides in cladding tubes͒ will be oriented normal to both the crack plane and the crack growth direction during through-thickness crack growth. In contrast, out-of-plane hydrides ͑such as radial hydrides in cladding tubes͒ would align with both the crack plane and crack growth direction during through-thickness crack growth. Much different fracture toughness values would be expected between these two hydride conditions.
The purpose of this study is to determine the fracture toughness of unirradiated but hydrided coldworked and stress-relieved ͑CWSR͒ Zircaloy-4 subject to through-thickness crack growth at both 25 and 300°C and as a function of hydride microstructure. With attention to the crack-tip failure processes, the study also seeks to identify the micro-mechanisms that control crack growth resistance and their sensitivity to both temperature and hydride microstructure. Cold-worked and stress-relieved Zircaloy-4 sheet is used as a model material to simulate fracture behavior of thin-wall cladding tube. The study employs a novel experimental procedure to determine the fracture toughness under through-thickness crack growth conditions. The results of this study should be relevant to the development of codes designed to predict the mechanical performance of hydrided thin-wall reactor components under crack-limiting conditions.
Experimental Procedure

Materials
The material used in this study is Zircaloy-4 sheet, 675-m thick, obtained from Teledyne Wah-Chang initially in the cold-worked ͑CW͒ state, and with a composition ͑in wt. %͒ of Zr-1.28Sn-0.22Fe-0.12Cr-0.11O. The specimens were subsequently annealed in a vacuum furnace at 10 −6 Torr and 520°C for two hours in order to obtain a cold-worked stress-relieved ͑CWSR͒ material state; no recrystallization was observed. The Kearns texture parameters ͓14͔ were subsequently determined using the inverse pole figure method. Table 1 shows that the Kearns parameters are similar to those previously reported for Zircaloy-4 cladding tube ͓15,16͔ in the three orthogonal directions.
Tensile testing was also performed in order to characterize the flow behavior of the sheet material. As shown in Table 2 , the yield strengths and plastic anisotropy parameter in the transverse direction of the sheet are similar to those of cladding tube material at 25 and 300°C. However, the strain-hardening exponent is significantly smaller for this sheet material. In fact, the strain hardening behavior of this sheet material is similar to that of irradiated cladding ͓16͔.
Hydrogen Charging
To determine the fracture toughness, a novel experimental procedure was developed in which a narrow 200-700-m wide linear strip of hydride blister is created across the width of Zircaloy-4 sheet specimen for the purpose of generating a well-defined precrack upon loading. In addition to forming the linear blister, the hydrogen charging develops a hydride particle microstructure beneath the blister; it is through this hydrided microstructure that the crack propagates during the fracture toughness determination. In order to form a "linear" hydride blister of controlled depth with discrete hydride precipitate particles in the substrate underneath the hydride blister, the Zircaloy-4 specimen was first immersed in a solution of nitric acid ͑ten parts͒, H 2 O ͑ten parts͒, and hydrofluoric acid ͑one part͒ for ϳ30 s to remove the native oxide layer. Then a gold layer was sputter-deposited on both surfaces of the specimen to act as a barrier to hydrogen diffusion into the substrate. A diamond scribe was then used to remove a thin strip of gold ͑ϳ100-m wide͒ across the specimen width. Immediately after removal of the thin gold strip, the specimen was coated with a Ϸ20-nm thick layer of nickel ͑99.995 % pure͒ to create a "window" for hydrogen pickup along the thin strip where the gold was removed.
The specimens were then hydrogen-charged at 370°C under a finite volume of mixture of argon and hydrogen gas ͑12.5 % H 2 , balance argon͒ at a total pressure of 6.2ϫ 10 4 Pa for times ranging from 20 to 120 min. Subsequent annealing was performed for 10 min at 400°C and then furnace cooled ͑see Fig. 1͒ . The blister depths obtained ranged from ϳ50 to ϳ 320 microns. Cross-sectional metallographic examinations showed that the blister depth was approximately homogeneous across the width of the sample. The average blister depth along the specimen width was determined from both cross section metallography and from the fracture surface after the test. As will be described later, the microstructure beneath the solid blister consisted of discrete hydride precipitate particles with a range of morphologies that depended on the depth of the blister.
Fracture Toughness Testing
Fracture toughness testing was performed using a four-point bend fixture such as shown in Fig. 2 . This specimen configuration allowed uniform bending between the center loading pins, which were sufficiently far apart so that the stress fields resulting from the pin contact did not affect crack growth under the hydride blister. The top of the bend fixture had a V-shaped groove normal to the axial direction of the loading pins, and a 2-mm pin was placed in this groove in order to suppress any bending moment transfer to the crack induced by the contact between the upper ram and the top of the fixture. For the purpose of determining the initial crack length as accurately as possible, the four-point bend specimens ͑initially Ϸ32 mm, 38 mm in length, and Ϸ0.6 mm in thickness͒ were precracked by a small amount of bending. The cracking was detected using acoustic emission signals emitted from the specimen during bending. At loads less than necessary to cause yielding, blister cracking was easily identified and the crack depth was determined from two Ϸ4-mm slices taken from each edge of the specimen. These metallographic specimens also served to characterize the hydride microstructure of each individual test specimen by etching.
Bend testing of the precracked specimen was performed in a screw-driven Instron machine with a crosshead displacement rate of 0.5 mm/ min. Prior to testing the test specimens, the stiffness of the machine was measured in order to determine the elastic deformation due to the testing fixture and rams, and the machine displacement was then subtracted from the displacement measured in an actual test in order to obtain the load-line displacement corresponding to specimen response only. Given the small thickness of the sheet specimen ͑Ϸ0.6 mm͒, specimen bending occurred at small loads ͑0.2-0.6 kN͒ in which case the machine load train was comparatively stiff, such that machine displacement at specimen fracture was quite small.
Upon loading, the crack growth behavior was determined in a continuous manner using the electric potential drop ͑EPD͒ technique ͓17͔. In order to use the EPD technique, 0.275-mm diameter wires ͑Zir-conium 702͒ were spot welded at fixed locations on the specimen surface using a fixture to allow for reproducible positioning of the leads. A dc power supply was used to produce a 500 mA current through the four-point bend specimen. Using ceramic pins to electrically isolate the test specimen and leads from the load frame, an amplified signal was used to monitor crack growth.
The EPD magnitude can be directly related to crack length in the bend specimens using a relationship developed by Johnson for the current specimen geometry ͓18͔. The accuracy of Johnson's equation was verified using a series of four-point bend specimens notched at different depths using a diamond cutting wheel. Using the shallowest notch as a reference for the initial potential V 0 , Fig. 3 shows good agreement between the depth of the notch and the Johnson equation prediction. To verify the sensitivity of the method at high strain levels, the specimen with the deepest notch was heavily strained and the potential response was then measured. The potential drop response remained within experimental error of the previous undeformed value, indicating strain did not affect the potential drop measurement as long as no crack growth occurred. A second check of the accuracy of this method was performed using a cracked specimen containing a hydride blister and hydrides within the Zircaloy-4 substrate. In this case, the crack length was carefully determined by observation in a light microscope after each increment of bending and the corresponding EPD was measured, allowing for Johnson's equation to be verified, as seen in Fig. 3 . Thus, Johnson's equation can be used to obtain accurate EPD crack growth measurements for our single-edge
FIG. 2-(a) A schematic drawing of the four-point bend specimen, and (b) photo of the test fixture with a specimen loaded.
cracked four-point bend specimens if at least one ͑and preferably two͒ crack length measurement is made to benchmark the relationship. For some of the present tests, the crack lengths were determined using potential drop data and Johnson's equation based on a combination of the initial crack length ͑determined as described earlier͒ and the final crack length ͑measured at the end of the experiment by heat-tinting at 300°C in air͒. Figure 4 shows a typical load-displacement response at room temperature for a specimen with a blister of a depth of approximately 115 m. Crack growth initiation from the blister into a microstructure consisting of in-plane hydrides occurred at maximum load P max only after a significant level of plasticity occurred. The large abrupt load drop that follows shortly after P max was caused by Ϸ300 m of unstable crack extension. Given the level of plastic deformation that precedes crack growth initiation such as is depicted in Fig. 4 , elastic-plastic fracture mechanics were used to predict crack growth behavior. In particular, we utilized ASTM Standard E 1820 to determine the critical J-integral value at the onset of crack growth initiation during the load-displacement response ͓19͔:
J-Integral Analysis
J tot = J el + J pl = K i 2 · ͑1 − 2 ͒ E + J pl ͑1͒
FIG. 3-Calibration curves for Johnson's equation for notched specimens and for a specimen with crack growth that was determined by sectioning (B29).
FIG. 4-The load-displacement response during four-point bending of a specimen with a 115-m hydride
blister and tested at room temperature.
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where J el and J pl are the elastic and plastic components of J-integral, respectively; K i is the stress intensity factor; is Poisson's ratio; E is Young's modulus; a i is the crack length; B N and W are the specimen width and thickness, respectively, for this form of cracked sheet specimen; b o = W − a o is the initial length of the remaining ligament; A pl is the amount of plastic energy spent by the applied load ͑the plastic energy under the load-displacement curve͒; and is a geometric factor which depends on crack length. In Eq 1, the magnitude of the elastic stress intensity factor K i can be readily determined for our specimen geometry ͓20͔. As seen in Eq 2, the magnitude of J pl is directly dependent on the magnitude of the parameter, and for small cracks, the parameter is quite sensitive to the ͑a i / W͒ value. This condition is not an issue in conventional fracture toughness testing where a i / W = 0.5 ͑for which = 2 and is insensitive to small changes of crack length͒. However, for cladding tube performance where small surface cracks may occur, it is of interest to establish the fracture toughness at small crack lengths, a i / W Ͻ 0.5, which is a range where the value of changes rapidly with crack length. Several recent studies ͓21-23͔ have used finite element modeling to calculate for conventional four-point bend geometries which satisfy the ASTM requirements. For example, Kim's results, which were obtained for thick plate configurations, show to depend on crack length as follows:
Recalling Eq 1 and assuming a plane-strain condition along the crack front, we can then obtain the K q value for the crack growth initiation toughness from
In the present study, the specimen geometry/test procedure and crack growth resistance often resulted in a load drop with the onset of crack growth initiation. Thus, K q was defined on the basis of the first detectable onset of crack growth or load drop, rather than on the basis of the conventional offset load-line displacement procedure as specified in ASTM E 1820 for elastic-plastic crack growth analysis ͓19͔.
With regard to ASTM requirements for the determination of the plane-strain fracture toughness parameter K IC ͓19͔, the combination of the small specimen thickness, Ϸ0.6 mm, which severely constrains the crack size and the extensive plasticity accompanying crack growth both violate the criterion for the qualification of apparent fracture toughness K q as K IC ͓19͔. For example, if P q is the load measured on the basis of the 95 % secant ͑see Fig. 4͒ , the plasticity prior to crack growth initiation results in the ratios of P max / P q = 1.24 to 1.39, or well above the P max / P q ഛ 1.10 required K IC requirement by ASTM ͓19͔. ASTM E 1820 also places a limit on the maximum J-integral capacity for a specific specimen geometry. In the present study, the small thicknesses of the specimens do not meet the specific specimen thickness requirement for the higher observed toughness values at room temperature and all of the data at 300°C. Thus, while we associate a fracture toughness value K q with the onset of crack growth, one must recognize the limitations of such data as possibly being specimen-size dependent. On the other hand, any determination of through-thickness crack growth of thin-wall cladding will suffer from the same limitations. Furthermore, the application of valid K IC values as determined from the crack growth along thick plates is not a suitable basis for predicting failure of thin wall sheet/cladding material under through-thickness crack growth within an oriented hydride microstructure.
Results and Discussion
Hydride Microstructure
The experimental hydrogen charging procedure, which is the basis for inducing a precrack within the strip of solid hydride blister extending across the specimen width, also creates a microstructure consisting of hydride particles beneath the hydride blister. In this study, depending on blister depth, two distinct hydride microstructures were formed in the region of crack growth initiation near the hydride blister. As a result, two different fracture toughness values result at room temperature but, significantly, not at 300°C. This behavior is significant since a variety of hydride microstructures have been reported in the literature, and in certain cases, these hydrides have been shown to act as crack initiation sites and result in various forms of hydride-induced embrittlement in Zircaloy-2 and Zircaloy-4 cladding tubes ͓24-29͔. Figure 5 illustrates the "hydride-microstructure" issue. In the region below the hydride blister, where crack growth initiation occurs, the microstructure consists of either ͑a͒ for the case of small blisters, elongated hydride particles oriented within the plane of the sheet and normal to the crack plane as shown in Fig. 5͑a͒ ͑i.e., "in-plane" hydrides͒, or ͑b͒ for the case of large hydride blisters, a hydride microstructure which varies with the depth below the specimen surface in a manner shown in Fig. 5͑b͒ .
In the former case ͑Fig. 5͑a͒͒, crack growth initiation represents the growth of a crack on a plane roughly normal to the dominant orientation of the hydride platelets. In other words akin to throughthickness crack growth in Zircaloy cladding tubing containing "circumferential" hydrides, the crack intersects the broad faces of the hydride platelets. As detailed by the microstructural characterization of each individual test specimen, crack growth initiation within specimens with small hydride blisters ͑i.e., small precracks less than about 120-m deep͒ occurred by the growth of a crack into a comparatively uniform microstructure consisting of in-plane hydrides with faces that are oriented 90°to the crack growth direction.
In contrast, test specimens containing large hydride blisters, such as depicted in Fig. 5͑b͒ , exhibit three distinct forms of hydrides present within the Zircaloy substrate beneath the blister. Figure 5͑b͒ shows that, in addition to the solid hydride blister whose depth is roughly one-half of its width, the microstructures beneath blisters that are more than about 140-m deep consist of the following,:
1. Sunburst Hydrides: Emanating radially from the hydride blister are "sunburst hydrides." Above a threshold blister depth of Ϸ140 m, the sunburst hydride depth ͑Y s ͒ increases with increasing blister depth ͑X b ͒ in a manner expressed approximately by ͑dY s / dX b ͒Х0.4X b . 2. Mixed Hydride Zone: Adjacent to the sunburst hydrides, there is a transition zone which contains discrete hydride particles of different orientations. A significant fraction ͑ജ1 / 3͒ of the hydride platelets have their normal oriented parallel to the sample surface, so that the platelet surfaces are parallel to the crack plane and crack growth direction ͑i.e., these are akin to radial hydrides within a cladding tube͒. These out-of-plane hydrides are mixed with in-plane hydrides and a few hydrides that are oriented at about 45°to both the in-plane and out-of-plane hydrides. For large blisters ͑ജ Ϸ 140 m, the depth of the mixed hydride zone ͑Y r ͒ also increases with increasing blister depth ͑X b ͒ in a manner expressed approximately by ͑dY r / dX b ͒Х0.5X b . 3. In-Plane Hydride Zone: Finally, the remainder of the Zircaloy sheet contains discrete hydride platelets that are parallel to the sample surface and thus perpendicular to the crack growth direction and the crack plane ͑in-plane hydrides͒, as seen throughout the thickness in samples containing thinner blisters ͑see Fig. 5͑a͒͒ . These hydrides are akin to the "circumferential hydrides," typically observed in Zircaloy cladding tubes.
FIG. 5-Light micrographs of the cross sections of specimens with a blister depth of (a) ϳ60 m, and (b) ϳ210 m. Note presence of sunburst and random hydride zone beneath the deeper blister in (b).
While the hydride microstructures were relatively uniform across the width of the blister ͑see Fig. 5͒ , the small volume of sheet material that was charged with hydrogen made it impossible to use chemical means to determine the actual hydrogen contents of the Zircaloy directly beneath the blister through which crack propagation occurs. To assess the hydrogen contents of the samples tested, the density of in-plane hydrides was measured for each individual test specimen by using the line intercept method to determine the inter-particle spacing along a line normal to the sheet surface and located beneath the hydride blister. Those results indicate an average spacing of all in-plane hydrides in the range of Ϸ15-25 m, which was relatively independent of depth within a specimen, suggesting relatively uniform hydrogen content throughout the remaining thickness of the sheet. No significant trend was observed between the average spacing of the in-plane hydrides and blister depth, suggesting no gross differences in substrate hydrogen content with blister depth.
Within the in-plane hydride region in the substrate, two distinct size groups of the particles were apparent. There were many small hydride particles in the range of 0.4-m thick and with lengths in the 20-50 m range ͑as measured on the specimen surface using backscatter imaging in the scanning electron microscope͒; these particles dominated the inter-particle spacing of Ϸ20 m described above. There was also a second size group consisting of a small population of much larger hydride particles with ͑surface͒ lengths in the 100-200-m range and with thicknesses Ϸ0.7 m. These larger hydride particles, which resulted from the annealing at 400°C followed by a furnace cool, had inter-particle spacings of about ϳ60-80 m. In a later section, an examination of the fracture surfaces will show that the small population of large hydrides form the primary voids that are integral to the Mode I crack growth process at room temperature.
Crack Growth, Hydride Microstructure, and Fracture Toughness
The solid hydride blister is known to be brittle at temperatures at least to 400°C ͓30͔. Accordingly, for both hydride blister depths illustrated in Fig. 5 , examinations of bend specimens after initial loading showed that the brittle hydride blister cracked prior to any large-scale plastic deformation of the substrate. Occasionally, more than one long precrack would form, invalidating the test and its results, which were not considered in our analysis. Once the blister cracks, the subsequent crack growth behavior depends on test temperature and the character of the substrate hydride microstructure, as shown in Figs. 6 and 7.
FIG. 6-The evolution of the crack profile with increased bending during the interrupted testing of a specimen with a Ϸ215-m blister. Test was performed at room temperature.
In the case of the specimens with small blisters tested at room temperature and for the specimens precracked and tested at 300°C, the precrack arrested at the blister-substrate interface as shown in Fig.  5͑a͒ . In those cases, subsequent testing resulted in a load-displacement response that showed a smooth transition to plastic bending with the load increasing to a maximum load value and then continuously decreasing such as in Fig. 4 ͑at room temperature͒ or Fig. 7͑a͒ ͑at 300°C͒ . In such cases, the onset of crack growth was detected by an acceleration of load loss and confirmed by potential drop data. As shown in Fig. 5͑a͒ for specimens with small blisters, crack growth proceeded into an in-plane hydride microstructure. Thus, the resulting crack growth initiation toughness K q is that for through-thickness crack growth initiation into an in-plane hydride microstructure similar to that in Fig. 5͑a͒ or to that in the lower section of Fig. 5͑b͒ .
For specimens with deep blisters such as that illustrated in Fig. 5͑b͒ , the precracking process at room temperature created a single crack that propagated not only through the blister but also well into the adjoining sunburst hydride field, as shown in Fig. 6͑b͒ . Examinations of the load-displacement responses of several specimens showed that crack growth through the sunburst hydrides occurred in the absence of any discernible load drop. Thus, in these cases, the initial crack length upon subsequent loading was the sum of the blister depth plus the length of sunburst hydride in the plane of the crack. As a result of this particular precracking behavior, Fig. 6͑b͒ shows that the first ͑small͒ load drop ͑Fig. 6͑b͒͒ is associated with a crack that has already propagated from the sunburst hydrides through the field of mixed hydrides and arrested in a region where in-plane hydrides began to dominate the microstructure. Subsequent loading ͑Fig. 6͑c͒͒ results in large-scale yielding ͑specimen is plastically bent͒ and is characterized by crack arrest and significant crack-tip deflection. Crack growth into the in-plane hydride field is difficult, as it requires significant plastic deformation of the specimen ͑Fig. 6͑d͒͒ to cause a small degree of crack growth ͑Ϸ25 m͒. Figure 6͑d͒ shows that at this point in the bending process the crack tip is quite blunted ͑indeed in Fig. 6͑d͒ , crack-tip branching has occurred͒ with large primary voids forming along the plane normal to the crack plane following elongated hydrides ahead of the crack tip.
Taken as a whole, the above behavior clearly indicates that at room temperature the crack growth resistance is sensitive to the hydride microstructure. Specifically, the precrack growth through both the hydride blister and the sunburst hydrides suggests the ease of crack growth when the crack plane and crack growth direction coincides with the orientation of the hydride platelets, providing a continuity of crack path. These results also indicate that through-thickness crack growth initiation through microstructure
FIG. 7-The evolution of the crack profile with increased bending during the interrupted testing of a specimen with a Ϸ175-m blister. Test was performed at 300°C.
containing a mixture of in-plane and out-of-plane hydrides is significantly easier than that for crack growth through large in-plane hydrides where crack branching and deflection occurs. Thus, as discussed by Bertolino et al. ͓11,12͔, fracture toughness is expected to be quite sensitive to hydride platelet orientation at room temperature.
That the fracture toughness is sensitive to hydride platelet microstructure is consistent with fracture models such as the Rice-Johnson model which assumes crack growth initiation can occur if the length scale of the heavily stretched region ͑͒ within the plastic zone is of the order of the ligament between cracked particles ͓31͔. Used with some success to relate fracture toughness to microstructure in Al-base alloys in particular ͑see, for example, Ref. ͓32͔͒, this analysis estimates the magnitude of stretch region is related to the fracture toughness as
where y is the yield stress, and E is Young's modulus. In the present case, Eq 5 should provide a very crude estimate of the scale of the ligament between cracked hydride particles within the Zircaloy matrix at the onset of crack growth at room temperature. For the case of the mixed hydrides where K Q Х 25 MPaͱ m, Ϸ 5 m, which is roughly similar to the spacing between the mixed hydride particles ͑see Fig. 5͑b͒͒ . In contrast, for crack growth initiation into an in-plane hydride field where the large hydrides ͑and therefore the primary void initiation sites͒ are roughly 60-80 m apart, the observed K Q value of Х75 MPaͱ m, yields Ϸ 50 m, which is on the scale of the inter-particle spacing between the large in-plane hydrides. As will be shown in the fractography section to follow, the large in-plane hydrides serve as the primary void sites for fracture at room temperature. Although only approximate, the above analysis is consistent with the observation that fracture toughness is sensitive to hydride microstructure.
Compared to the crack growth behavior for deep blisters at room temperature, Fig. 7 shows a much different load-displacement and crack growth process in a test conducted at 300°C. Even though this specimen contained extensive sunburst hydrides prior to the test at room temperature, crack growth at 300°C is arrested near the blister-matrix interface despite general yielding of the specimen; see Figs. 7͑a͒ and 7͑b͒. The significant plastic deformation prior to the first unload of this test results in only minimal crack growth ͑Ϸ5 m͒ and extensive crack-tip blunting near the blister-substrate interface. Further crack growth ͑Figs. 7͑c͒ and 7͑d͒͒ occurs only after much more plastic deformation, by which time the specimen shows a distinctly bent profile. This is evidence of a high level of crack growth resistance at 300°C as also manifested by extensive crack-blunting. It is noteworthy that the crack in Fig. 7͑d͒ almost has the profile of a blunt notch. This crack geometry is remindful of the crack-tip geometry from which mixed Mode I + II crack growth inclined on a plane roughly 45°to the specimen surface has been previously observed in hydrided Zircaloy-4 ͓4͔.
As shown in Table 3 , the fracture toughness behavior is qualitatively consistent with the crack growth observations described above. Crack growth at room temperature through the field of mixed-orientation hydrides is characterized by a comparatively low fracture toughness, K q Ϸ 25 MPaͱ m. The lower fracture resistance is likely a reflection of the presence of significant amounts of out-of-plane hydrides in this mixed hydride field. We would expect that a low K q value in this case is promoted by cleavage or matrix-particle decohesion ͑which seems to be the case based on our initial fractography͒ along the faces of the hydride platelets aligned with the crack growth direction. In contrast to the above behavior, K q is much higher, ͑K q Х 75 MPaͱ m͒, when the hydrides are oriented predominantly in the plane of the sheet and ͑importantly͒ normal to both the crack plane and the crack growth direction. In this case, despite the presence of elongated hydride particles that initiate large primary voids, their presence also causes crack-tip deflection and crack branching ͑see Fig. 6͑d͒͒ . The net effect is a K q value ͑75 MPaͱ m͒ that is close to K q Х 85 MPaͱ m for unhydrided CWSR Zircaloy-4 cladding tube as determined by Bertsch and Hoffelner for axial crack growth ͓33͔. Thus, these results suggest that in-plane hydrides have only a minor net effect on through-thickness crack growth, at least at concentrations in the range of the present study.
At 300°C, the hydride particles within the matrix resist fracture and do not appear to participate in the crack growth process ͑Fig. 7͒. In short, as observed by Grigoriev for crack growth along the axes of hydrided Zircaloy-2 cladding tubes ͓13͔, there appears to be no effect of hydrogen on the fracture toughness at 300°C. In the present case, the fracture toughness value of K q Х 78 MPaͱ m ͑Table 3͒ is significantly less than that observed by Grigoriev ͑K q Х 105 MPaͱ m͒ also at 300°C. This difference in toughness levels seems reasonable given the comparatively large amount of through-thickness deformation ͑and low level of stress triaxiality͒ that should accompany the mixed Mode I + III crack growth along the axis of the thin cladding tube wall in Grigoriev's tests. Nevertheless, given the much smaller flow stress of the Zircaloy-4 at this temperature ͑see Table 2͒ , the relatively high K q value ͑K q Х 78 MPaͱ m͒ is characterized by a comparatively large plastic displacement component necessary to induce crack growth. Thus, except for deep cracks, crack growth at 300°C will be accompanied by considerable plastic strain.
Fracture Surface Behavior
Consistent with the crack growth behavior as viewed from specimen cross sections ͑Figs. 8 and 9͒, the fracture surfaces of specimens with large hydride blisters show distinct changes in appearance as the crack propagates. For example, Fig. 8͑c͒ shows that the room temperature fracture surface immediately beneath a comparatively large blister is relatively flat and characterized by shallow dimples and tear ridges. Such a fracture surface is consistent with a low energy fracture process as the crack propagates through both sunburst hydrides and a mixed hydride particle field containing a significant density of out-of-plane hydrides that create cleavage or void facets co-planar with the growing crack. The result is a comparatively low fracture toughness, K q Ϸ 20's MPaͱ m.
At depths sufficiently far beneath the hydride blister such that the crack propagates into the region of in-plane hydrides, large primary voids elongated in an orientation normal to the crack plane and growth direction are readily evident on the fracture surface formed at room temperature; see Fig. 8͑a͒ . These large voids ͑Ͼ100 m in length͒ have an average spacing of ϳ60-80 m and correspond to the larger hydrides seen in metallographic observations of the Zircaloy-4 matrix ͑Fig. 5͑b͒͒. As discussed previously, the presence of large elongated in-plane hydrides cause crack deflection/branching, thus increasing the crack growth resistance ͑K q Ϸ 70's MPaͱ m͒ relative to that observed in the mixed hydride region ͑K q Ϸ 20's MPaͱ m͒. Although not reported here, a positive tearing modulus results as the crack grows into the in-plane hydride region.
The fracture surface formed at 300°C is distinctly different from that formed at room temperature. For example, at the depth directly beneath the blister but at 300°C, Fig. 8͑d͒ shows well developed dimples characteristic of microvoid coalescence during ductile fracture. The dimples in Fig. 8͑d͒ , which are somewhat elongated due to the tendency toward an inclined mixed Mode I / II fracture plane, are much deeper than the "room temperature" tear ridges in Fig. 8͑c͒ ; the resulting 300°C toughness, K q Ϸ 75 MPaͱ m, is also much higher than the room temperature value of K q Ϸ 20's MPaͱ m for a somewhat similar microstructure of mixed hydrides ͑assuming that these hydrides have not all dissolved upon temperature increase͒. Figure 9 shows a comparison of the fracture surfaces in a microstructural region that should contain in-plane hydride platelets after fracture at 25°C ͑Fig. 9͑a͒͒ as compared to that after 300°C fracture ͑Fig. 9͑b͒͒. Examinations of many regions of fracture surfaces formed at 300°C show no evidence that the hydrides initiate the failure process or participate directly in fracture at this temperature. As shown in Fig.  9͑b͒ , the 300°C fracture surfaces well beneath the blister are consistently characterized by microvoid dimples separating elongated tear ridges whose orientation and spacing is consistent with the large elongated hydrides that form the primary voids at room temperature ͑Fig. 9͑a͒͒. Furthermore, their appearance at 300°C as elevated tear ridges on the fracture surface suggests that, if indeed these are the elongated hydrides, they not only do not crack, but instead, they appear to fail by plastic thinning with significant ductility. ͑It is likely that the hydrides are thinner at 300°C due to some hydrogen being redissolved into the Zr matrix.͒
Conclusions
1. An experimental procedure has been developed to determine the fracture toughness of hydrided CWSR Zircaloy-4 sheet under through-thickness crack growth conditions. The procedure relies on four-point bending of specimens that contain a narrow strip of brittle hydride blister across their width. The blister forms a precrack upon initial loading such that the subsequent crack growth initiation conditions can be determined using elastic-plastic fracture mechanics analysis. 2. At room temperature, the crack growth behavior and fracture toughness is sensitive to the microstructure of the hydride particles beneath the solid hydride blister. For through-thickness crack growth within a mixed microstructure of in-plane and out-of-plane hydrides, K q Ϸ 25 MPaͱ m. In this case, the presence of significant levels of out-of-plane hydride platelets ͑akin to radial hydrides in cladding tubes͒ contribute to the comparatively low fracture toughness as they align with the through-thickness crack growth. In contrast, preliminary results indicate that K q is much higher, K q Ϸ 75 MPaͱ m, when the crack grows through a zone of in-plane hydride platelets oriented predominantly within the plane of the sheet ͑akin to circumferential hydrides in cladding tubes͒. The resulting interaction between the crack and hydride platelets that are oriented normal to both the crack plane and crack growth direction cause crack deflection and branching. 3. At 300°C, initial data indicate K q Ϸ 83 MPaͱ m. Despite the similarity of this K q value to that for in-plane crack growth at room temperature, the fracture surfaces formed at 300°C suggest little direct involvement of hydrides in the crack growth process, in contrast to their dominant role at room temperature. Furthermore, the comparatively low flow stress at 300°C gives rise to an elastic-plastic response and a fracture strain that is significantly higher than at room temperature for similar crack lengths.
